Topological nodal-line semimetals are predicted to exhibit unique drumhead-like surface states (DSS). Yet, a direct detection of such states remains a challenge. Here, we propose spin-resolved transport in a junction between a normal metal and a spin-orbit coupled nodal-line semimetal as the mechanism for their detection. Specifically, we find that in such a device, the DSS induce resonant spin-flipped reflection. This effect can be probed by both vertical spin transport and lateral charge transport between anti-parallel magnetic terminals. In the tunneling limit of the junction, both spin and charge conductances exhibit a resonant peak around zero energy, providing a unique evidence of the DSS. This signature is robust to both dispersive DSS and interface disorder. Based on numerical calculations, we show that the scheme can be implemented in the topological semimetal HgCr2Se4.
The discovery of topological materials has evinced one of the main recent advances in condensed matter physics [1] [2] [3] . Depending on whether the bulk states are gapped or gapless, topological materials can be largely divided into topological insulator phases [1, 2] and topological semimetal phases [4] . In both categories, the material's bulk bands are characterized by topological invariants, which additionally result in gapless surface states according to the bulk-boundary correspondence [5] . Therefore, detection of topological surface states is key for the identification of topological materials. For insulating phases, the edge/surface states are energetically well-separated from the bulk ones, and can be readily identified by transport measurement [6, 7] , scanning tunneling microscopy [8, 9] or angle-resolved photoemission spectroscopy (ARPES) [10] . Topological semimetals are more subtle, because the Fermi level crosses both the bulk and the surface states. Nevertheless, extensive progress has been achieved on the observation of exotic Fermi arc states in Weyl/Dirac semimetals [11] [12] [13] by ARPES [14] and transport measurements [15] .
Recently, another kind of topological semimetal, nodal line semimetal (NLS), has attracted increasing research interests [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . These 3D materials are characterized by band crossings along closed loops, with each loop carrying a π Berry flux [16] . A direct result of the NLS band-topology is the existence of drumhead-like surface states (DSS) nestled inside the projection of the nodal loops onto the 2D surface Brillouin zone [20] . There is a variety of candidates for NLS [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , and their experimental characterization has seen recent progress using ARPES [29, [34] [35] [36] [37] and quantum oscillation [38] [39] [40] [41] measurements. However, a direct evidence of the novel DSS, the hallmark of NLS, is still missing: in the ARPES experiments, the surface states are veiled in the bulk bands, * Electronic address: weichenphy@nuaa.edu.cn which can only be identified via a comparison with the results of a first-principles' calculation; the experiments on quantum oscillations only focus on bulk states, so that no information on the surface states can be extracted.
In this work, we propose two types of transport experiments for the detection of the DSS. These experiments rely on the spin-resolved scattering in a junction between a normal metal and a NLS, see Fig. 1(a) . The DSS induce a resonant spin-flipped reflection (RSFR) for spin-polarized (along the z-axis) electrons incident from the normal metal. This effect manifests in nearly pure spin current flowing perpendicular to the junction [ Fig. 2(a) ], or lateral charge transport between two antiparallel magnetic terminals [ Fig. 2(d) ]. In the tunnel-ing limit, both setups show a resonant peak in their spin/charge conductances around the energy level of the nodal loop, that can serve as a direct evidence of the DSS. We analytically detail our predictions in a minimal NLS model and numerically demonstrate these signatures for a real material HgCr 2 Se 4 [42] .
We consider spin-polarized electrons incident in the zdirection, see Fig. 1(a) . We assume that the incident electron-spin is polarized in the z-direction and is injected into the metal (z < 0) by a ferromagnetic lead. In the z > 0 region, we use a minimal continuous model to describe the nodal line semimetal as
where
z is the total momentum squared and the Pauli matrices σ x,z operate in the spin space. The Hamiltonian (1) has eigenvalues E ± = ± λ 2 k 2 z + B 2 (k 2 0 − |k| 2 ) 2 and corresponding eigenstates |u ± (k) . The resulting two bands are degenerate at k
and k z = 0, thus defining a nodal loop in momentum space, see Fig. 1(a) . Considering the transverse wavevector k = (k x , k y ) as a parameter, the Hamiltonian (1) describes an effective 1D system in the z-direction. Whenever k lies inside the nodal loop, that is k < k 0 , the effective 1D system is insulating with an energy gap ∆(k ) = λk 0 opening around Fig. 1(a) . The gap varies with k , and reaches its maximum ∆ 0 = λk 0 at k = 0. Interestingly, the effective 1D model has a nontrivial band topology that is characterized by the Berry phase γ B = π, with γ B = i At z < 0, lies a spin-degenerate normal metal, described by the Hamiltonian as H NM = C |k| 2 − µ 0 , where C is a mass dependent parameter and µ 0 is the chemical potential corresponding to the Fermi wavevector |k F | = µ 0 /C. The interface scattering is simulated by a Dirac-type barrier U δ(z). The scattering of the incident electron from the normal metal onto the NLS is solved by substituting k z = −i∂ z and keeping k a good quantum number [43] . Importantly, we obtain that incident spin-up electrons engender a spin-flipped reflection amplitude
where η = v NM /v SM is the square root of the ratio of perpendicular velocities in the normal metal and NLS, with v NM = 2C |k F | cos θ and v SM = 2Bk 0 , respectively, θ is the electron's incident angle (relative to the z-axis), Z = 2U/ √ v NM v SM is a dimensionless interface barrier height, and
. The obtained spin-flipped reflection probability, R f = |r f | 2 , exhibits a sharp resonant peak around zero energy in the tunneling limit (Z 1), see Fig. 1(b) . Such a RSFR is induced by the DSS. This can be understood by rewriting Eq. (2) 
Re iβ = t − 1 are amplitudes of transmission and reflection by the barrier in the normal metal. The condition for RSFR is cos −1 (E/∆) = β+π/2. As the barrier height increases, the phase β decreases to zero, leading to a zeroenergy resonance [ Fig. 1(b) ]. Note that the condition of RSFR is identical to the Bohr-Sommerfeld quantization condition for a surface bound state, Arg(r 2 r 0 fr 0 f ) = 2nπ. It indicates that the RSFR is directly induced by the topological surface state, thus providing an effective way to detect the DSS.
We propose two experimental schemes to probe the RSFR: (i) vertical spin transport in the setup in Fig.  2(a) , and (ii) lateral charge transport in the setup in Fig. 2(d) . For scheme (i), spin-polarized electrons are injected from a ferromagnetic lead, and then reflected with spin-flipping at the junction. The resulting nearly pure spin current can be measured by the spin Hall voltage V SH [46] via the inverse spin Hall effect [44, 45] , see Fig. 2(a) . For scheme (ii), charge current flows between two anti-parallel magnetic terminals, which cannot happen without the spin-flipped reflection. The RSFR can be well characterized in both setups by a resonant peak in the spin/charge conductances.
The spin current in setup (i) is defined as I s = I ↑ − I ↓ , where I σ with σ =↑, ↓ are spin-polarized currents flowing in the z-direction. In order to generate the spin Hall voltage, the spin is polarized along the x-direction, see Fig,  2(a) . In the RSFR regime, incident and reflected electrons have opposite spin polarizations as well as opposite velocities. Consequently, the RSFR enhances the spin current, while the charge current I = I ↑ + I ↓ is strongly suppressed. This results in a nearly pure spin current flowing in the normal metal. To reveal the energy dependence of spin transport, we calculate the differential spin conductance G s (eV ) = ∂I s /∂V using
h is the single-spin conductance of the uniform normal metal with a cross-section area A, and R c = |r c | 2 is the probability of spin-conserved reflection. The spin conductance G s as a function of the bias voltage eV for different barrier strengths Z = U/ C|k F |Bk 0 is plotted in Fig. 2(b) . In the transparent case (Z = 0), G s exhibits a heightened ridge in the region eV ∈ (−∆ 0 , ∆ 0 ), corresponding to strong spin-flipped reflection below the gap ∆ 0 [ Fig. 1(b) ]. As Z increases, a narrower peak forms and moves towards zero energy, as expected for RSFR. At the same time, the height of the peak reduces because the RSFR peaks become sharper in all transport channels [ Fig. 1(b) ], and the resonant energies do not match one another. Concurrently, the charge conductance G = ∂I/∂V becomes much smaller than G s within the gap, indicating a high-purity spin current, see Fig. 2(b) . Outside the gap, G s and G tend to be equal, and transmission through the barrier (rather than RSFR) dominates the transport.
In real materials, the DSS are commonly dispersive. To model this, we add a spin independent term A 1 ( k 2 − k 2 0 ) to Eq. (1). This introduces a band width δ = A 1 k 2 0 to the DSS. Such a k -dependent potential leads to further separation of RSFR levels in different channels. As a result, the peak of G s is broadened and also shifted, as shown in Fig. 2(c) . Therefore, in the tunneling limit, the bandwidth of the DSS can be directly inferred from the width of the resonant peak in G s .
The charge current in setup (ii) [ Fig. 2(d) ] flows in the normal metal in the x-direction, parallel to the interface of the junction. The normal metal is sandwiched by two anti-parallel ferromagnetic terminals. Without spinflipped reflection at the junction, electrons injected from one terminal cannot enter the other. Therefore, setup (ii) can be used to detect the RSFR. The conductance G is calculated numerically (using Kwant [47] ) based on a lattice version of our model [43] , see Fig. 2(e) . The conductance is normalized by G 0 , the single-spin conductance in the x-direction through the normal metal. In the transparent limit of the junction (Z = 0), electrons transport in the energy window eV ∈ (−∆ 0 , ∆ 0 ), corresponding to the energy scale of spin-flipped reflection. As Z increases, G exhibits a sharp peak around zero energy, which signals the RSFR. In the setup in Fig.  2(d) , multiple scattering occurs at all the surfaces of the normal metal, so that the conductance shows fluctuation. The effect of finite dispersion of the DSS is also investigated, and the results are shown in Fig. 2(f) . It shifts and spreads the resonant peak, similar to the results reported for the spin transport in scheme (i), cf. Fig. 2(c) .
In realistic setups, there would be several imperfections that should be taken into account, such as interface disor- der and nonpure spin injection [48] . For both transport schemes, we numerically investigate the effect of interface disorder [43] . Apart from some broadening of the general features, the resonant peak in the spin/charge conductances are robust against strong disorder, reflecting the robustness of topological DSS. Similarly, spinpolarization averaging leads to an overall reduction prefactor that does not qualitatively change the overall transport signatures [43] . Our analysis has, thus far, relied on a minimal NLS model (1) . For experimental realizations, we consider the topological semimetal HgCr 2 Se 4 [42] as a promising candidate. In the |J, M J basis | |(X + iY ) ↑ and |S, ↓ , an effective two-band model for HgCr 2 Se 4 can be written as
with k ± = k x ± ik y . The eigenenergies of this model
the gap closes along exactly the same nodal line as that of the minimal model (1). For each k channel, the effective gap is ∆ (k ) = Dk 0 k 2 , and its maximum is
3) when |k | = 2/3k 0 . Additionally, the model (4) exhibits two Weyl nodes in the z-axis at k z = ±k 0 . The Weyl nodes only introduce a single gapless 1D channel, and the corresponding Fermi-arc surface states do not appear at an open boundary in the zdirection, so that the DSS remains the dominating transport effect at a metal-NLS junction in Fig. 1(a) .
We numerically calculate the spin/charge conductances in schemes (i) and (ii) [Figs. 2(a) and 2(d) ] for lattice version of Eq. (4) [43] . All the results agree well with those of the minimal model. G s and G for different barrier heights are shown in Figs. 3(a) and 3(c) . For a transparent junction, G s is heightened and G has a peak spreading in the energy window eV ∈ (−∆ 0 , ∆ 0 ), which is generated by the spin-flipped reflection. As Z increases, a resonant peak shows up, indicating the DSSinduced RSFR. The effect of dispersive DSS is shown in Figs. 3(b) and 3(d) and leads to widening of the RSFR peak. The resonant peak is robust against interface disorder and nonpure spin injection [43] .
We have shown that the drumhead-like surface states of a spin-orbit coupled nodal-line semimetal induce resonant spin-flipped reflection for incident electron-spin current from a nearby metal. We propose and analyze two types of transport experiments where this unique effect manifests as a resonant peak in the conductance spectra and can serve as a direct evidence of such novel surface states. In both experimental schemes, this signature is robust against the dispersion of DSS, interface disorder, and nonpure spin injection. Recent experimental progress on spin-resolved transport in HgCr 2 Se 4 [49] paves the way to the realization of our proposal. Our analysis can be extended to other types of nodal-line semimetals, i.e., both to additional materials but also engineered systems such as photonic nodal-line systems.
In order to solve the scattering problem in a junction between a normal metal and a NLS, we write the Hamiltonian of the whole system in real space in the z-direction. Substituting k z = −i∂ z and keeping k as a parameter, the system can be described by an effective 1D Hamiltonian
is the effective chemical potential, λ(z) = λθ(z), B(z) = Bθ(z), and U δ(z) is the interface barrier of Dirac type. The Hamiltonian (S.1) is kept Hermitian due to the anticommutator term of λ(z) and by writing second-derivative terms in a symmetric form. A solution, ψ, to this scattering problem obeys the following boundary conditions in the z-direction
Such boundary conditions guarantee current conservation in the z-direction at the interface, that is, J SM = J NM , where the currents in the normal metal and NLS are
For a spin-up (in the z-direction) electron incident from the normal metal (z < 0) with an incident angle θ (relative to the z-axis), the scattering states in the two regions are
where the perpendicular and parallel wave vectors of the incident electron are k ⊥ = |k F | cos θ and k = |k F | sin θ with k F the Fermi wavevector in the normal metal and |k F | = µ 0 /C. The transmitted wavefunctions are defined through 2 λ) , and the wavenumbers k 1,2 in the z-direction are determined by k
. The signs of the wave vectors are chosen such that the transmission waves either propagate freely or decay in the z-direction, depending on whether the incident energy is above or below the energy gap. Scattering amplitudes r c and r f refer to spin-conserved and spin-flipped reflection, respectively, and t 1,2 are the transmission amplitudes. As long as the incident angle θ < π/2, the condition λ Bk 0 holds. Then Υ 1 Υ 2 = −1, and the second boundary condition in Eq. (S.2) reduces to Bσ z ψ (0 + ) + Cψ (0 − ) = U ψ(0). Inserting the wave function (S.3) into the boundary conditions, we obtain the amplitude of spin-flipped reflection r f = − 4 (η + 1/η + iZ ) 2 Υ 1 + (η − 1/η + iZ ) 2 /Υ 1 , (S. 4) where η = v NM /v SM is the square root of the ratio of perpendicular velocities in the normal metal and NLS, with v NM = 2C|k F | cos θ and v SM = 2Bk 0 , respectively, and Z = 2U/ √ v NM v SM is the dimensionless barrier strength. The amplitude r c of spin-conserved reflection can be similarly obtained.
B. Lattice model and numerical simulation
The numerical calculations reported in the main text are performed using KWANT [47] and based on lattice versions of the main models in the main text. For the minimal model in Eq. (1) in the main text, the mapping to a cubic lattice is obtained by substituting k i → conductance is contributed by all k channels with an average over the injected spin state, yielding As a result, the effect of the imperfect spin injection is an overall prefactor Γ, which will not change the signature of RSFR. For a perfect spin injection, f (θ ) = δ(θ ), and the spin conductance reduces to Eq. (3) in the main text.
